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aqueous colloidal solution of graphene to produce graphene electrodes by the deposition of graphene on to
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deposition of platinum particles on to the graphene layer, and also show an electro-catalytic activity in the I-
/I3 - redox system with an increase in electrochemical response with increasing platinum loading. These
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ABSTRACT
This research presents a useful electrophoretic deposition (EPD) technique for electrode
fabrication from an aqueous colloidal solution of graphene to produce graphene electrodes
by the deposition of  graphene on to indium-tin oxide (ITO) coated glass. Resultant graphene
electrodes are composited with conducting polymer (PEDOT), and platinum nanoparticles,
to investigate their synergistic effects. Firstly, PEDOT is composited with graphene by
electropolymerization on to the graphene layer. The graphene/PEDOT electrodes demonstrate
an improvement in electrochemical response in tetrabutylammonium perchlorate/ acetonitrile
solution. Secondly, graphene electrodes are composited with platinum by EPD of  platinum
nanoparticles on to the graphene layer. The resultant graphene/platinum electrodes show
evidence of an encouragement of the deposition of platinum particles on to the graphene
layer, and also show an electro-catalytic activity in the I-/I3
- redox system with an increase in
electrochemical response with increasing platinum loading. These graphene composite electrodes
show potential for applications in electrochromics (graphene/PEDOT electrodes), and dye-
sensitized solar cells (DSSC) (graphene/Pt electrodes).
Keywords: graphene, electrophoretic deposition, platinum, PEDOT
1. INTRODUCTION
Graphene is a new kind of carbon
material which has a structure composed of
one-atom-thick planar sheets of carbon with
sp2 hybridization that are packed densely in
a benzene ring structure or honeycomb
lattice [1]. Graphene has many outstanding
properties such as electron transport,
mechanical properties, and high surface area
[2, 3]. Furthermore, graphene is easily
synthesized [4, 5] at low production cost.
Nowadays, composite materials of graphene
with other materials, such as metals and
polymers, enjoy a tremendous increase in
interest [6-8] because graphene plays a
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significant role in improving physical and
electrochemical properties when working
synergistically with other materials [2, 7].
Electrophoretic deposition (EPD) is a
term for a coating process using the migration
of charged colloidal particles under the
influence of an electric field (electrophoresis)
to deposit onto a polarized electrode [9].
EPD is a very facile technique that can be used
on a lab-scale or industry-scale because
various materials can be applied with EPD
such as polymers, metals, dyes or ceramics.
Furthermore, it can be used both in aqueous
and non-aqueous media and also on
non-conducting substrates [10]. However, care
is needed for aqueous EPD due to the
electrolysis of water that can cause damage
to the fabricated film. There are reports on
EPD for use in many applications such as
electronic devices [11], solid oxide fuel cell
[12] and field emission devices [13].
In this experiment, graphene was
prepared by two-step synthesis. Firstly,
graphene oxide (GO) was synthesized from
graphite oxide by an exfoliation method to
obtain a GO colloidal solution. Secondly,
the GO colloidal solution was chemically
converted to graphene by chemical reduction
[14] to yield graphene colloidal solution;
making them amenable for electrode
fabrication by EPD in this experiment.
To fabricate composite electrodes of
graphene/PEDOT, electropolymerization
of 3,4-ethylenedioxythiophene (EDOT)
was used to deposit a Poly (3,4-
ethylenedioxythiophene) (PEDOT) layer on
an EPD graphene layer, whereas graphene/
platinum electrodes were fabricated by
anodic EPD of graphene and platinum
nanoparticles [10] sequentially so as to produce
alternating layers of graphene and platinum
nanoparticles. Furthermore, all electrodes
were characterized to observe any synergistic
effects of graphene with PEDOT or platinum
for an improvement in electrochemical
response.
2. MATERIALS AND METHODS
Natural graphite (SP-1, Bay Carbon) was
purchased from Cabot. Tetrabutylammonium
perchlorate (TBAP), lithium iodide, ammonia
solution, hydrazine (35 wt% in water), N,
N dimethylformamide, sodium nitrate,
potassium permanganate,  and  chloroplatinic
acid (8 wt% in water) were obtained from
Sigma-Aldrich. Ethylene glycol was purchased
from Unilab, APS. Acetone was received from
Chem-supply. Acetonitrile and sulphuric acid
were supplied by Scharlau. Iodine was
obtained from Merck. All chemicals were used
as received. Indium-tin-oxide (ITO) coated
glass (Rs = 4-8 ) was purchased from Delta
Technologies Limited (Stillwater, Minnesota,
USA), and cut into 1 cm  2.5 cm pieces.
All ITO specimens were washed with
detergent, rinsed with water for a few times
then acetone, and purged with nitrogen gas
prior to use.
Graphene colloidal solution was
synthesized by a published method (refer to
previous publication by Li D. et al. [14])
except the dialysis step was replaced by a
washing step until the pH reached 7.
Platinum nanoparticles were synthesized
from Chloroplatinic acid (8 wt% in water) by
mixing 1.0 mL of Chloroplatinic acid with
50.0 mL ethylene glycol and subjecting the
mixture to microwave irradiation at 1200 W
for 30 s. Then washed and re-dispersed in
acetone by sonication at amplitude 45 for
30 mins.
Electropolymerization of EDOT was
carried out using a 3-electrode cell system.
Tetrabutylammonium perchlorate (TBAP)
(0.1 M) in acetonitrile was used as an electrolyte
solution. The applied electropolymerization
potential was 1 V for 5 s to avoid any
overpotential of electropolymerization.
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Electrophoretic deposition of graphene
was carried out at 4 V (optimized condition)
with different periods in a 2-electrode cell
using a potentiostat (eDAQ) EA 160
electrochemical system. Electrophoretic
deposition of platinum was conducted in a
similar fashion to graphene at an optimized
condition of 5 V with periods of 10, 20 and
30 s.
The Zeta potential of graphene and
platinum nanoparticles, and size of platinum
nanoparticles were determined using light
scattering (Nano-ZS Zetasizer, Malvern
Instruments) with back scatter detection
( = 173). Scanning electron microscopy
(Jeol JSM-7500F Field Emission Scanning
Electron Microscope) was used to study
the microstructure of graphene electrodes,
graphene/platinum electrodes and graphene/
PEDOT electrodes. Transmittance of
graphene and graphene composite
electrodes was measured using UV-vis
spectroscopy (Model Shimadzu UV-1800
spectrophotometer with UVProbe (v.2.10)
software).
Cyclic voltammetry (CV) characterization
of graphene/PEDOT electrodes in TBAP
(0.1 M)/acetonitrile was performed over a
potential range of -1.0 to 0.8 V using a
graphene/PEDOT working electrode,
Pt mesh counter electrode and an Ag/Ag+
reference electrode at a scan rate of 50 mV
s-1. All CVs were performed using a
potentiostat (eDAQ) EA 160 electrochemical
system.
Electrochemical behavior of graphene/
platinum electrodes was studied in I-/I3
- by
cyclic voltammetry in a three-electrode cell
with a graphene/platinum working electrode,
Pt mesh counter electrode and an Ag/Ag+
reference electrode at a scan rate of 50 mV
s-1. TBAP (0.1 M), LiI (0.01 M) and I2 (0.005
M) in acetonitrile was used as an electrolyte
solution. The potential window used in this
experiment was -0.7 V to 1.0 V.
3. RESULTS AND DISCUSSION
3.1 Electrode Fabrications
As we discussed earlier, the important key
of the EPD technique is a movement of
charged colloidal particles under the influence
of an electric field. Synthesized graphene
particles in the colloidal solution for EPD in
this experiment should possess charges on
them, thus making them amenable for
electrode fabrication by EPD. To investigate
these charges on the graphene colloidal
particles, their zeta potential needs to be
determined to ascertain their migration
behavior under an electric field. A positive
or negative value of zeta potential results
in cathodic or anodic movement in EPD
respectively. The zeta potential of  our
graphene colloidal solution was characterized
as shown in Figure 1. It can be seen that a
zeta potential distribution curve of  graphene
colloidal solution had a mean value of -38.0
mV. This means that graphene has a negative
surface charge and can be moved towards a
positively polarized electrode under an
electric field. The negative surface charge
on the graphene particles resulted from the
ionization of carboxylic acid and phenolic
hydroxyl groups on graphene oxide sheets
that are still present after reduction [14].
Furthermore, these negative surface charges
contributed to the stability of the graphene
colloidal solution because of electrostatic
repulsion between them.
To observe the charged particle
movement phenomenon in EPD, graphene
colloidal solution was placed in a U-shaped
tube and platinum wires were placed in the
solution at each side of the tube, after which
a 4 V potential was applied. It can be observed
that the negatively charged graphene particles
migrated to the platinum positive electrode
at the right hand side of the U-shaped tube
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resulting in the disappearance of black colour
at the left side and increased black colour at
the right side as shown in Figure 2. This
phenomenon demonstrated that the migration
of graphene particles under an electric field
resulted from the negative charge on the
graphene particles’ surface and we can identify
this process as anodic EPD.
In preliminary work, graphene was
subjected to anodic EPD onto ITO-coated
glass under applied potential 4 V (this potential
was optimized for graphene colloidal solution
in this experiment) for 5 sec (Figure 3) in order
to observe the deposition behavior of
graphene sheets on ITO-coated glass. SEM
images of EPD graphene for 5 sec at 1300x
(Figure 4a) shows an uneven network of
graphene sheets (black areas) on the ITO layer
(white areas). An uneven pattern of graphene
coverage resulted from the short EPD period.
A short EPD period does not allow enough
time for the graphene sheets to deposit on
the ITO-coated glass surface to obtain large
area coverage which resulted in an uneven
graphene pattern. A high magnification SEM
image at 37000x in Figure 4b shows that
different sizes of fragmented graphene sheets
deposited on the ITO layer and overlaid
Figure 1. Zeta potential distribution curve of  graphene sheets in colloidal solution.
Figure 2.  A movement of negatively charged graphene in a colloidal solution (left hand side)
to the positively polarized electrode (right hand side)
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Figure 3. Schematic of electrophoretic deposition of graphene.
each other in a stacking manner. It can be
observed that graphene prepared by acid
oxidation and sonication process resulted in
sheet fragmentation. So we cannot expect to
prepare equally sized graphene sheets by this
method.
When the EPD period was increased, the
ITO surface was better covered by the
graphene layer as shown in Figure 4c (15 sec
deposition). At a deposition period of 30 sec,
it can be observed that the ITO layer was
almost completely covered by graphene; as
shown in Figure 4d where the tiny white areas
are ITO and the black areas are graphene. This
infers that the EPD period is another key
factor for the EPD process to obtain an
increasing amount of substance loading on
the substrate; where increasing EPD periods
resulted in increasing substance loadings. The
high magnification SEM image at 50000x of
a 30 sec EPD deposition (Figure 4e) illustrates
that the deposited graphene sheets overlay
each other to obtain good graphene coverage,
and we can observe wrinkling of  the graphene
sheets.
Figure 4. SEM images of graphene sheets deposited on ITO-coated glass by electrophoretic
deposition at 4 V (using a 2 electrode-cell) for: (a) 5 sec (SEM at 1300x), (b)  5 sec (SEM at
37000x), (c)  15 sec (SEM at 1300x),  (d) 30 sec (SEM at 1300x),  and (e) 30 sec (SEM at
50000x).
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In this experiment, there are 2 rationales
for depositing graphene on the conductive
ITO layer. Firstly, we expected to increase the
electrochemically active surface area of the
electrode over and above that of the ITO
electrode alone. Secondly, we expected the
graphene layer to promote electrochemical
response, and encourage the deposition of
other particles on to the graphene layer.
However, another additional interesting and
important property of graphene is its
transparency. Single graphene sheet absorbs
2.3% of incident white light [15] and
graphene, moreover, has good electrical
property as well. So a combination of these
properties makes graphene an outstanding
candidate as a transparent conductive
electrode for some applications such as in
DSSC and electrochromics. The transmittance
of fabricated graphene electrodes was
measured at 565 nm as shown in Figure 5.
The transmittance was found to be decreased
when the EPD deposition period of graphene
was increased, as expected because of the
deposition of graphene sheets on ITO coated
glass layer. The transmittance of  graphene
electrodes of EPD period 5 sec shows a
transmittance of up to 85 percent that
decreased to around 65 percent after 30 sec
deposition (ITO layer not included). This
suggests that solution processing of  graphene
and the EPD technique are compatible and
can be used as a material and method
respectively to fabricate graphene coated
electrodes that can be used as semi-transparent
electrodes in some technology applications
such as photovoltaic devices/solar cells, Field
Effect Transistor (FET) applications, and
photodetectors where optical transparency is
required.
Figure 5. The transmittance of graphene deposited on substrates by electrophoretic deposition
(EPD).
3.2 Synergy with PEDOT
In this section, graphene electrodes were
composited with conducting polymer,
PEDOT, to observe any effect of  graphene
on an improvement of electrochemical
response of  PEDOT. EDOT monomer was
electropolymerized on a graphene coated
electrode at 1 V for 5 sec; to prevent the
degradation of polymer that can occur at high
overpotentials and long electropolymerization
periods. Therefore when the
electropolymerization was accomplished, it
can be observed from Figure 6 that the
deposit of PEDOT on the substrate had a
grass-like structure that fully covered the
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graphene surface, although the polymerization
period was only a short time (5 seconds).
This is an advantage in electrochromic
applications because optical transmittance of
the electrode is an important factor to obtain
good optical contrast.  So, the transmittance
of the graphene/PEDOT electrodes
produced over a short electropolymerization
period would be higher and the electrodes
also afford higher optical contrast. In other
words, if the growth of PEDOT film is much
thicker, lower optical transmittance and optical
contrast would be observed; which are
drawbacks for electrochromic applications.
In this investigation, the transmittance of
graphene/PEDOT electrodes was measured
at 565 nm and found that the transmittance
of graphene/PEDOT electrodes at EPD
graphene for 5 sec gave the highest
transmittance which is almost up to 80 percent
as shown in Figure 7. However, transmittance
decreased with increasing graphene EPD
period as expected and EPD graphene at 30
sec reduced the transmittance to
approximately 55 percent, which could be
undesirable for electrochromics.
Figure 6. SEM image at 85000x of electropolymerized PEDOT on graphene.
Figure 7. The transmittance  of  graphene/PEDOT electrodes.
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To investigate the electrochemical
behavior of graphene/PEDOT composite
electrodes, cyclic voltammograms (Figure 8)
of graphene/PEDOT electrodes were
scanned over a wide potential window of
-1.0 V to 0.8 V  (vs Ag/Ag+) in 0.1 M
tetrabutylammonium perchlorate (TBAP)/
acetonitrile at 50 mV s-1. It can be observed
that PEDOT and graphene/PEDOT
electrodes show an oxidation peak at
around -0.16 V and a reduction peak at around
-0.8 V. Changes in oxidation and reduction
states of PEDOT and graphene/PEDOT
electrodes over this potential range indicated
that these electrodes have potential for use in
electrochromic applications due to their
concomitant colour switching. The colour
switched from reduced state (darkened) to
oxidized state (bleached) and vice versa.
Furthermore, it can be observed that the
current increased with increasing graphene
deposition period. This can be attributed to
thicker layers of graphene which increase the
conductivity and electrochemical surface area
that resulted in a larger area of electrodeposited
PEDOT. However, there was the slight shift
in the reduction peaks of graphene/PEDOT
electrodes to more negative potentials resulting
in wider peak separations. This can be
explained by the EPD graphene layer having
a lower conductivity than ITO layer which
contributed to the slower electron transfer.
Figure 8.  CVs of graphene/PEDOT electrodes in 0.1 M TBAP/ acetonitrile at 50 mV s-1
for different graphene deposition periods. PEDOT was grown for 5 sec at 1.0 V.
3.3 Synergy with platinum
In this section, graphene electrodes were
composited with platinum nanoparticles, by
sequential EPD layering of graphene and
platinum respectively, to observe their
catalytic property for potential uses in dye-
sensitized solar cells. In preliminary work,
platinum nanoparticles were characterized
by measuring their size and zeta potential
for performing EPD. From Figure 9a and
9b, it can be seen that the average size of
platinum nanoparticles was around 300 nm
and the zeta potential was -12.6 mV.
This indicates that the solution is of incipient
stability (higher value of zeta potential
(negative or positive) results in better colloidal
stability); which means that although the
solution in not stable in the long term, it is
stable while performing EPD. Due to the
negative zeta potential of the platinum
nanoparticles, we expected that anodic EPD
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of platinum can be achieved on a graphene
layer similar to anodic EPD of graphene on
ITO coated glass.
To observe the behaviour of  the
deposition of platinum on graphene and
improvement of electrochemical response
with platinum loading, platinum nanoparticles
were deposited on a graphene layer by anodic
EPD. In this experiment, graphene was EPD
on ITO for 30 sec to obtain a good graphene
coverage. Following this, platinum was EPD
on to graphene for 10, 20 and 30 sec to
observe their deposition pattern on the
graphene layer. From the SEM images in
Figures 10a to 10f, it can be observed that
the loading of platinum deposited on the
graphene layer increased when the EPD
period was increased. At low EPD
period (10 and 20 sec), the deposition of
platinum nanoparticles on the graphene
layer is heterogeneous. However, when
the EPD period was increased to 30 sec a
homogeneous distribution of platinum
nanoparticles can be observed. Another
interesting phenomenon was observed in
that the size of platinum nanoparticles
deposited on graphene is approximately
100-120 nm, from which it can be deduced
that the smaller sized platinum particles
chose to deposit on the graphene layer.
The reasons are that the smaller size particles
can carry more charge and are of lower mass,
thus facilitating migration under the influence
of an electric field in EPD; while large size
particles tend to precipitate. This explanation
is supported by the size distribution profile
of the platinum solution in Figure 9a which
demonstrates that the smallest size of platinum
nanoparticles were approximately 100 nm.
Furthermore, the SEM image (Figure 10g)
shows that platinum nanoparticles (white
particles) preferred to deposit on graphene
(black areas) than on ITO glass (grey areas).
In addition, a greater amount of graphene
deposited on the ITO glass leads to more
platinum particles deposited on the
graphene. This result demonstrated that
graphene assists the deposition of platinum
nanoparticles in this system.
Figure 9. Size distribution curve (a) and zeta potential distribution curve (b) of  platinum
nanoparticles in acetone.
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To investigate the electrochemical
behavior of the graphene/platinum composite
electrodes, they were then characterized in
the iodide/triiodide system to ascertain
their potential properties that could be useful
for dye-sensitized solar cells; e.g. as counter
electrodes. The cyclic voltammograms
(Figure 11) of the iodide/triiodide system
obtained at graphene/platinum electrodes
Figure 10. SEM images of platinum nanoparticles deposited on EPD graphene by
electrophoretic deposition at 5 V (using a 2 electrode-cell) for: (a) 10 sec (SEM at 2000x),
(b) 10 sec (SEM at 20000x), (c) 20 sec (SEM at 2000x), (d) 20 sec (SEM at 20000x), (e) 30 sec
(SEM at 2000x), (f) 30 sec (SEM at 20000x). (g)  SEM image showing that platinum preferred
to deposit on graphene than on ITO.
were scanned over a wide potential window
from -0.7 V to 1 V vs Ag/Ag+ in 0.1 M
tetrabutyl ammonium perchlorate (TBAP),
0.01 M LiI, 0.005 M I2 in ACN at 50 mV s
-1.
It can be seen that two redox couples were
detected at the graphene/platinum electrode
but not two at the graphene electrode. The
graphene electrode induced redox of the I3
-/
I2 couple but only oxidation of I
- to I3
-
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(0.4 V); demonstrating that the I-/I3
- couple
was irreversible at the bare graphene electrode.
Therefore, the graphene/platinum electrode
is superior to the graphene electrode as a
catalytic electrode in this electrolyte system.
The redox equations are given below [16]:
I3
- + 2e-  3I- (-0.26 / +0.14 at graphene/
Pt electrode in Figure 11)
3I2 + 2e
-  2I3
- (+0.33 / +0.62 at graphene/
Pt electrode Figure 11)
It can also be seen that a higher loading
of platinum on the graphene electrode
resulted in a higher redox activity towards I3
-
and I2 as we can observe that the current
increased with EPD period of platinum
nanoparticles. This suggests their potential to
be used in a solar cell as a counter electrode
[17, 18].
3.4 Potential application in the future
In preliminary work, we tried to
electrophoretically deposit graphene on
Poly(N-isopropylacrylamide) gel as shown in
Figure 12 to produce a conductive layer of
graphene on temperature-responsive hydrogel
which could be used in applications that need
a conducting gel with phase transition. This
can open up the avenue of using the EPD
Figure 11. CVs obtained at graphene/Pt
electrodes, with different loading of Pt, in
0.01 M LiI, 0.005 M I2, 0.01 M TBAP in
acetonitrile at 50 mV  s-1 compared with a
graphene electrode.
technique to fabricate graphene electrode
not just only on solid substrates but also on a
flexible substrate as well.
4. CONCLUSION
In conclusion, we fabricated graphene
and graphene composite electrodes by
electrophoretic deposition. Graphene
electrodes show potential to be used as a
semi-transparent electrode in some
technology applications where optical
transparency is required. For graphene/
PEDOT composite electrodes, graphene
promotes electrochemical responses
resulting in higher peak current in cyclic
voltammograms as a function of graphene
deposition period. This can be explained by
an enhancement in the electrochemical
surface area that resulted in a larger area of
electrodeposited PEDOT. The concomitant
colour change of PEDOT with the
electrochemical redox of this polymer shows
promise for graphene/PEDOT electrodes to
be used in electrochromic applications.
In further experiments, graphene is shown
to attract platinum nanoparticles deposition
in the studied EPD system. The graphene/
platinum composite electrodes produced also
show promise as catalytic electrode materials
for use in a solar cell as a counter electrode.
Figure 12. Electrophoretic deposition of
graphene layer on temperature-responsive
Poly(N-isopropylacrylamide) hydrogel.
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